To determine the role of dietary sodium intake in the reduction in t-adrenergic sensitivity in hypertension, lymphocyte fl-receptors from 8 borderline hypertensive and 16 normotensive subjects were studied after 5 d on a high sodium diet (400 meq/d) and also following a low sodium diet (10 meq/d). During the high sodium diet, lymphocyte f-receptor-stimulated adenylate cyclase activity, expressed as the relative increase over basal levels stimulated by the ,8-agonist isoproterenol, was significantly (P < 0.025) decreased in hypertensive (24±5%, mean±SE) compared with normotensive (42±4%) subjects. Neither #-receptor density nor the proportion of nonsequestered ,8-receptors differed between groups. A low sodium diet significantly increased 8-receptor-stimulated adenylate cyclase activity in hypertensives (low sodium, 51±7%; high sodium, 24±5%, P < 0.025) to a level not different than that of normotensives (46±5%). Thus, reduced lymphocyte (-receptor responsiveness in hypertensive subjects is not due to Pl-receptor sequestration and is corrected on a low sodium diet. Dietary sodium may be an important factor in the ,8-receptor defect in early hypertension.
Introduction
Responsiveness to catecholamines is altered in hypertension and may be important in the pathogenesis and maintenance of the hypertensive state. In several animal models of hypertension, f3-adrenergic receptor (,3AR)' responsiveness is reduced (1) (2) (3) . To explain this alteration, investigators have focused on the #AR-adenylate cyclase complex. Most have reported a reduction in 3AR-mediated adenylate cyclase activity consistent with a reduction in (iAR responsiveness (4) (5) (6) (7) (8) .
In humans, the lymphocyte BAR has been used as a model ofthe human P-receptor complex because changes in lymphocyte OAR properties have been shown to parallel changes in BAR in other less accessible tissues (9-1 1). We and others have demonstrated that (iAR responsiveness in lymphocytes from hypertensive subjects, as reflected by f3AR-mediated adenylate cyclase activity, is reduced compared with normotensive controls (12, 13) . Further, we found that this was not due to a reduction in BlAR concentration but instead was related to an apparent uncoupling of the receptor from the catalytic component of the adenylate cyclase complex (13). The mechanism underlying this uncoupling process is unknown. However, in several in vitro models of f3AR regulation, uncoupling of the f3-receptor-adenylate cyclase complex has been associated with a physical sequestration of the receptor from the catalytic component (14) . The present studies were designed, in part, to assess the role of f3AR sequestration in the reduction in #AR responsiveness observed in lymphocytes from hypertensive subjects.
The second major goal ofthe present study was to determine whether lymphocyte i3AR subsensitivity in human hypertension was reversible. We have previously speculated that this defect might represent the normal regulatory response of the lymphocyte-,BAR complex to the subtle elevations in plasma catecholamines that may occur in some hypertensive subjects (13). However, Insel and Motulsky recently have suggested an alternate hypothesis linking sodium with the alterations in adrenergic receptors reported in hypertension (15) . To test this hypothesis, we have studied the effect ofalterations in dietary sodium intake on lymphocyte BAR properties from normotensive and hypertensive subjects. We demonstrate here that lymphocyte PAR responsiveness is decreased in hypertensive subjects on a high sodium diet. However, when fed a low sodium diet, lymphocyte j3AR responsiveness in hypertensive subjects increases to a level not different from that observed in normotensive subjects.
Methods
Subject protocol. 16 normotensive and 8 borderline hypertensive subjects between the ages of 20 to 31 yr were studied. The hypertensive subjects had diastolic blood pressure of >90 mmHg intermittently on three screening outpatient measurements and during the study on at least 20% of morning blood pressure measurements taken in the sitting position or had diastolic blood pressures >90 mmHg on at least 20% of continuously monitored ambulatory blood pressures over a 12-or 24-h period. The normotensive subjects had no recorded morning blood pressures of >90 mmHg (on at least 12 occasions) and <10% of continuously monitored diastolic blood pressures of >90 mmHg. Hypertensive subjects were without cardiovascular or renal complications and were otherwise without abnormality on medical history and physical examination. No subject received any drugs within 8 d of the study, and none had previously received any antihypertensive drugs.
All subjects were studied on two occasions on the sixth day after initiation of a high sodium (400 meq/d) or low sodium (10 meq/d) diet. Potassium (100 meq/d) and calcium (325 mg/l,000 kcal) intake were constant. The diets were administered in the University of Iowa Clinical were separated by at least 2 wk. A blood sample was drawn on the morning ofthe sixth day after overnight supine rest in the Clinical Research Center, University ofIowa. Before 7 am. and before rising, an indwelling catheter was inserted and 20 min later a 100-ml blood sample was drawn. Blood samples were analyzed for lymphocyte (jAR properties and plasma catecholamines as described below.
Lymphocyte isolation and broken cellpreparations. Lymphocytes were isolated from EDTA-anticoagulated blood according to the method of Boyum (16) but maintained at 4VC to inhibit ex vivo alterations in lymphocyte IIAR properties (17) . Cells were washed and broken cell preparations for assays of adenylate cyclase activity made as previously described (18) . Intact cell suspensions for radioligand-binding studies were prepared as previously outlined (19) .
Assays ofadenylate cyclase activity. Assays of adenylate cyclase activity were performed on broken cell preparations according to our previously published methods (18) modified after Salomon et al. (20) . Maximal PjAR mediated adenylate cyclase activity was expressed as the difference in activity in the presence of isoproterenol (100 MM) and GTP (100 MM) compared with activity in the presence ofGTP alone. Maximal nonreceptor-mediated activity was determined by the addition of NaF (10 mM) in the absence ofGTP. Data are presented as the relative increase in adenylate cyclase activity by isoproterenol or NaF. This method of expressing the data was selected prospectively, consistent with our previous studies (18) on the basis of two major considerations. First, in preliminary studies it was determined that the coefficient of variation (C.V.) was significantly lower when stimulated enzyme activity was expressed relative to basal activity (C.V. = 10%) rather than absolutely (i.e., as pmol cAMP/min per mg protein) (C.V. = 2 1%). Second, although the absolute levels ofbasal and stimulated adenylate cyclase activity may differ in T and B lymphocyte populations, relative stimulation does not (21, 22) .
Radioligand-binding studies. PAR-binding studies were performed in intact lymphocytes according to our previously described methods with the use of ['25I]iodopindolol (IPIN; 2.2 Ci/Mmol, New England Nuclear, Boston, MA) at 250C (19) . For saturation-binding studies, eight concentrations of IPIN (10-100 pM) were used in each assay. Nonspecific binding was defined as that binding not blocked by propranolol (1MM). The proportion of nonsequestered flARs was determined by the proportion of specific IPIN-binding sites blocked by the hydrophilic ligand CGP-12177. In preliminary studies we demonstrated that at a concentration of 30 MM, CGP-12177 effectively competed for >90% of lymphocyte 6AR-specific binding sites under control conditions (19) . However, with agonist exposure resulting in functional desensitization, the same concentration of CGP-12177 was only effective in competing for -50% of specific binding sites, consistent with sequestration of a proportion of the total BAR population away from the cell surface. In each study, the proportion ofCGP-12177 accessible ( 
Results
During the high sodium diet lymphocyte #AR-mediated adenylate cyclase activity was significantly (P < 0.025) decreased in hypertensive (24±5%) compared with normotensive subjects (41±4%) (Fig. 1) Hatched bars, normotensive; stippled bars, hypertensive. *P < 0.025 vs. both normotensive subjects fed a high sodium diet and hypertensive subjects when fed a low sodium diet. During the low sodium diet, five out of eight hypertensive subjects but only one of 16 normotensive subjects demonstrated a >5 mmHg decrease in diastolic blood pressure as measured on the final three mornings of the diet. Plasma norepinephrine concentrations increased while on the low sodium diet in both hypertensive subjects (high sodium, 181±24 pg/ml; low sodium, 384±67 pg/ml; P < 0.025) and normotensive subjects (high sodium, 165±22 pg/ml; low sodium, 298±29 pg/ml; P < 0.025). However, while on neither diet did plasma catecholamine concentrations differ between normotensive and hypertensive groups.
On the low sodium diet, lymphocyte (3AR properties in hypertensive but not normotensive subjects were significantly altered. A low sodium diet augmented #AR-mediated adenylate cyclase activity in hypertensive subjects (low sodium, 51±7%, high sodium, 24±5%, P < 0.025) (Fig. 1) . The absolute increase in adenylate cyclase activity stimulated by isoproterenol was comparably augmented (low sodium: 45±7 pmol cAMP/min per mg protein above basal activity, high sodium: 26±6, P < 0.025). However, in normotensive subjects, the low sodium diet did not alter ,BAR-mediated adenylate cyclase activity (low sodium, 46±5%; high sodium, 42±4%).
In hypertensive subjects, the increase in adenylate cyclase activity was receptor specific. A low sodium diet did not augment NaF-stimulated adenylate cyclase activity (low sodium, 265±20%; high sodium, 272±11%). Basal activity was also unchanged (low sodium, 102±7 pmol cAMP/min per mg protein; high sodium, 104±9). Further, changes in lAR-mediated adenylate cyclase activity that occurred in hypertensive subjects on a low sodium diet were not associated with any increase in Bm.,s which in fact tended to decrease on the low sodium diet (Table I) .
To determine if any alterations in in vitro lymphocyte ,BAR regulation were apparent in either normotensive or hypertensive subjects, lymphocyte (#AR properties were compared after samples were incubated with isoproterenol. The extent of reduction in CGP-12177-accessible binding (reflecting receptor redistribution) after agonist exposure was not different between hypertensive vs. normotensive subjects under either dietary condition (Table II) . Similarly, the extent of reduction in isoproterenolstimulated adenylate activity after agonist exposure (reflecting the extent of functional desensitization) was not significantly The data represent the mean difference between paired samples. Blood samples taken from each subject during each dietary period were split. One sample was exposed to the agonist isoproterenol (10 MM for 10 min) then washed. Broken cell preparations (for adenylate cyclase studies) and intact cell preparations (for radioligand-binding studies) were made in parallel. The reduction in isoproterenol-stimulated adenylate cyclase activity and %CGP-12177 accessible sites was expressed as the difference between samples prepared with and without exposure to agonist. No significant differences between normotensive and hypertensive subjects nor between high and low sodium dietary periods were apparent.
different between groups or dietary periods. However, the extent of reduction in adenylate cyclase activity tended to be less in hypertensive subjects while on the high sodium diet (P = 0.044 vs. the low sodium diet).
Discussion
The present studies suggest that dietary sodium is an important regulator of lymphocyte (3AR responsiveness in hypertension. The findings demonstrate that: (a) ,BAR responsiveness in lymphocytes from hypertensives is significantly decreased on a high sodium diet; (b) after a 10-meq/d sodium diet, #AR responsiveness in hypertensives is increased to a level not different from normotensive subjects; and (c) the decrease in lymphocyte ,BAR responsiveness apparent in hypertensives on a high sodium diet is not due to ,3AR sequestration. Our data indicate that the alterations in ,BAR responsiveness described in this study are receptor specific. Although alterations in the proportion of T and B lymphocytes were not monitored in this study and could account for changes in adenylate cyclase activity, we do not believe this could explain our findings. As previously noted, stimulated adenylate cyclase activity, when expressed relative to basal levels, appears to be independent of the proportion of T and B cells (21, 22) . Furthermore, if the alterations described were nonspecific effects (e.g., changes in T/B cell populations) or due to a nonreceptor specific effect (e.g., on the guanine nucleotide regulatory protein or catalytic component), NaF and/or basal adenylate cyclase activity would have been expected to change in parallel with isoproterenol-stimulated adenylate cyclase activity. In fact, basal activity and NaF-stimulated activity were not different between normotensive and hypertensive subjects and unchanged by dietary sodium.
Animal studies have consistently demonstrated reduced (#AR responsiveness with hypertension (1) (2) (3) (4) (5) (6) (7) (8) . However, studies in humans, specifically using the human lymphocyte ,BAR as a model system, have demonstrated more variable results (12, 13, 25, 26) . Our previous studies demonstrated that lymphocyte BAR responsiveness was decreased in hypertensive subjects when fed a "normal" (150 meq/d) sodium diet (13). The present studies indicate that this decrease is still apparent in lymphocytes from hypertensive subjects fed a high (400 meq/d) sodium diet, but is corrected when hypertensive subjects are fed a low sodium diet. We might, therefore, suggest that heterogeneous sodium intake by hypertensive subjects may in part account for the variability in the results of studies of human #AR responsiveness.
Other important differences that could account for this variability may relate to heterogeneity of subject populations studied by other investigators in terms of the extent of hypertension, and in age (which is independently associated with a reduction in lymphocyte /#AR responsiveness) (27) . In our studies, the hypertensive populations consisted entirely ofyounger subjects with borderline hypertension to minimize potential secondary effects ofadvanced age and sustained hypertension on PAR regulation.
How might dietary sodium regulate BAR responsiveness? Dietary salt restriction has been shown to reduce intralymphocytic sodium content in borderline hypertensives (28) . Further, sodium has been demonstrated to reduce the potency ofagonists for several receptors linked to adenylate cyclase; both for those receptors that inhibit adenylate cyclase activity (a2-adrenergic and muscarinic cholinergic) and for those that stimulate (BAR) adenylate cyclase activity (15) . The mechanism ofthis Na effect is unclear and could be due to effects either directly on the receptor or indirectly via the guanine nucleotide regulatory proteins of inhibition and stimulation (G,, GJ). However, it should be stressed that the effect could not be due to a simple direct effect of sodium because it was apparent in broken cell preparations assayed in the absence of sodium.
In normotensive subjects, we found that dietary sodium does not consistently alter lymphocyte BAR properties. These findings are in contrast to those of Fraser et al. who noted an increase in lymphocyte B.. in broken cell preparations from normotensive subjects on a high sodium diet (29) . However, important differences between studies preclude direct comparison. In their study, lymphocyte #AR adenylate cyclase activity was not measured. Further, the diet was administered over a lohger period (10 vs. 5 d in our study).
Our present studies demonstrate the effects of severe dietary sodium restriction in 3AR responsiveness. This level of restriction is rarely possible in clinical practice. Whether a more moderate level of dietary sodium intake is sufficient to correct the defect in #AR responsiveness is unknown. Further, the effect of longer term sodium restriction has not been addressed in the present study. However, our study does demonstrate that the reduction in FAR responsiveness in lymphocytes from hypertensive subjects is corrected by severe sodium restriction. This suggests an important role for sodium in 
